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Abstract
Little is known about the long-term consequences of overexpression of the human telomerase (hTERT) gene in T lymphocytes. To address this issue, we transduced polyclonal as well as clonally derived populations of naive and memory CD4 + T cells from two normal donors (age 24 and 34) with retroviral vectors encoding Green
Fluorescence Protein (GFP) and hTERT (GFP-hTERT) or GFP alone. After transduction, cells were sorted on the basis of GFP expression and cultured in vitro until senescence. T cells transduced with hTERT exhibited high stable telomerase activity throughout the culture period. Relative to GFP controls, minor changes in overall gene expression were observed yet the proliferative lifespan of the hTERT-transduced populations was significantly increased and the rate of telomere loss was lower.
Nevertheless, hTERT-transduced cells showed progressive telomere loss and had shorter telomeres at senescence than controls (2.3 ± 0.3kb vs. 3.4 ± 0.1 kb).
Furthermore, a population of cells with 4N DNA consisting of binucleated cells with connected nuclei emerged in the hTERT transduced cells prior to senescence. We conclude that overexpression of hTERT in CD4 + T cells provides a proliferative advantage independent of the average telomere length but does not prevent eventual genetic instability and replicative senescence.
Introduction
Telomeres are specialized structures at the end of eukaryotic chromosomes, which consist of tandem repeats of the sequence T 2 AG 3 1 and associated proteins 2 folded into a telomere loop structure. 3 Telomeres are required to maintain chromosomal integrity and prevent end-to-end fusions of chromosomes. When telomeric ends become too short, DNA damage signals from telomeres 4 can induce apoptosis or a state of replicative senescence and telomere shortening has been proposed to limit the proliferation of most human cells. 5 Telomeres shorten with each round of cell division as a result of failure to completely replicate the 3' end of chromosomes 6, 7 as well as other causes. 8 The average telomere length in cells from most human tissues decreases with age in vivo and upon culture in vitro. [9] [10] [11] The loss of telomeric DNA with age in T lymphocytes exceeds that in other cell types. 12 Limitations in the proliferative potential of the cells of the immune system are consistent with the recent finding that the telomere length in human nucleated blood cells is significantly correlated with mortality caused by infectious diseases. 13 The ribonucleoprotein enzyme telomerase is able to synthesize terminal T 2 AG 3 telomeric repeats de novo and thus extend telomeres (reviewed in 14 and 2 ). In contrast to most somatic cells with little or no telomerase activity, the cells of the immune system show transient telomerase activity upon mitogenic and antigen stimulation. [15] [16] [17] Nevertheless, T lymphocytes maintained in culture have a finite lifespan and undergo replicative senescence typically after 30 to 50 population doublings (PDs) of in vitro culture (reviewed in 18 ). Difficulties to propagate T lymphocytes may limit their use for
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Telomerase activity can be stably reconstituted in cells by ectopic overexpression of the catalytic subunit telomerase reverse transcriptase (hTERT) of the telomerase complex. The ectopic expression of human telomerase catalytic subunit (hTERT) is sufficient to permit some cell types, such as fibroblasts, retinal pigment epithelial cells, and endothelial cells 19, 20 to overcome the senescence checkpoint and to proliferate indefinitely without detectable changes characteristic of malignant transformation. 21, 22 We have recently shown that inhibition of endogenous telomerase activity (by expressing a dominant-negative hTERT gene) shortens the lifespan of both human CD8 + and CD4 + T cells 23 These findings support the idea that endogenous telomerase activity is essential for cytogenetic stability and telomere function in human T cells.
However, expression of endogenous hTERT requires mitogenic stimulation and does not prevent telomere loss in vivo and in vitro. 24, 25 In contrast, ectopic expression of hTERT is able to reconstitute a constant high level of telomerase activity and extend the lifespan of T cells. 23, [26] [27] [28] In the present study, we show that ectopic hTERT expression extends the replicative lifespan of CD4 + T cell without preventing overall loss of telomeric DNA.
Interestingly, the telomere length in late passage hTERT-transduced cells was shorter than was ever measured in controls. Furthermore, many binucleated cells with chromatin bridges between the nuclei were observed in such late passage hTERTtransduced CD4 + T cells. We speculate that the observed failure to separate 
Telomeric repeat amplification protocol assay
Telomerase activity was measured using the telomeric repeat amplification protocol (TRAP) assay with an end-labeled telomerase substrate (TS) primer as described. 
Analysis of GFP-expression
Cells ( Figure 3C ). We also transduced the progeny of a CD4 + T cell clone with hTERT and GFP to test the significance of transgene expression levels on proliferation.
Cells were sorted for high and low GFP expression and subclones were generated. Two subclones of each group were selected and expanded until senescence. No difference in PDs was found for the GFP-control transduced T lymphocytes with high or low GFPexpression and the clones reached senescence after 24.9 ± 2.9 PDs and 22.7 ± 2.3
PDs, respectively. Subclones transduced with hTERT and high GFP-expression exhibited a significant higher proliferative potential compared to hTERT transduced subclones with low GFP-expression (49.9 ± 2.9 PDs vs. 29.9 ± 1.9 PDs, Figure 4 ).
Interestingly, no differences in telomerase activity between the hTERT transduced clones were detectable using the TRAP-assay. However, analysis of hTERT-expression by RT-PCR revealed significant higher expression levels of the transgene in T lymphocytes sorted on the basis of high GFP-expression (data not shown). These observations suggest that GFP expression levels correlate with expression levels of the transgene as expected and that high expression levels of exogenous hTERT are required for extending the proliferative capacity of hTERT-transduced CD4 + T lymphocytes.
Lifespan extension without net telomere lengthening in hTERT-transduced T lymphocytes
The average telomere length was measured in serial passages of transduced T cell clones by automated flow-FISH. As shown in Figure 5 , a progressive decline in 
Gene expression profiles in early and late passage transduced CD4 + T cells
Ideally, the consequences of hTERT overexpression should be studied using relevant functional T cell assays. We did observe that both GFP and hTERT-GFP transduced The most striking differences in gene expression between cells that overexpress hTERT and untransduced or GFP transduced cells are shown in Table 1 . However, no major differences between hTERT or control cells or between early or late passage hTERT transduced cells were observed in the expression of some of the genes known to be involved in DNA repair or cell cycle control (Table 2 ). This observation does not exclude differences in the activity of the proteins encoded by these genes as in many cases this activity is known to be controlled at the protein level.
For The finding that ectopic expression of telomerase can extend the replicative lifespan of certain cell types without causing a net elongation of telomere length is not without precedent. 19, 20, 26, 35 Furthermore, the telomere length in some human fibroblasts transduced with hTERT were also found to continue to shorten to an average length below those of untransduced cells that entered replicative senescence and crisis.
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For personal use only. on October 22, 2017. by guest www.bloodjournal.org From Our observations support the notion that hTERT and telomerase have other roles in the viability and growth of cells beyond preventing a decline in the average telomere length. [38] [39] [40] [41] [42] One possibility is that telomerase is required not only for elongation of the 3' end of chromosomes but has a role in the repair of damage to telomeric DNA as well. 43 Overexpression of hTERT in CD4 + T cells did not result in marked global changes in gene expression and the expression of genes involved in cell cycle regulation or DNA-damage repair was not notably changed ( Table 2 ). Among the genes that did show an overall change in expression pattern, the HERC5 gene (upregulated in hTERT-transduced T cells, Table 1 ) appears of interest. HERC5 plays a role in regulation of cyclin dependent protein kinase activity and the ubiquitin cycle (like HERC6) and is associated with cell cycle regulation (G1 to S phase transition). HERC genes contain a domain which is involved in chromosome condensation (RCC1). 44 We further found downregulation of several chemokine receptors. This might indicate that hTERT-transduced lymphocytes are less dependent on chemokine stimulation.
Especially CCR5 was downregulated. Activation of CCR5 can lead to both the de novo expression of FASL and induction of susceptibility to Fas-mediated apoptosis in CD4 + T cells. 45 The average telomere length in a cell will reflect the balance between factors that elongate and those that shorten telomeric DNA at individual chromosome ends in the cells of interest and its immediate progenitors. The level of telomerase activity, subcellular localization of telomerase, recruitment of telomerase to the telomere, the structure of terminal telomeric DNA, levels of telomere binding proteins and levels of telomerase RNA all have been proposed to influence the elongation of the telomeres by In antigen-specific CD4 + T cells the loss of telomeres and telomerase activity could be subject to further control by the action of cytokines. 46 The data described in this report as well as these previous studies support the notion that telomerase plays a key role in the biology of T cells. Given the many levels at which the telomere length in T cells appears to be controlled, a clear picture of the precise role of exogenous telomerase in the biology of CD4 + T cells is not expected in the near future.
Telomerase activity is believed to promote chromosomal stability primarily by acting at the very ends of chromosomes. Our results suggest that overexpression of hTERT in cells with critically short telomeres does not result in cell cycle arrest or apoptosis 43, 47 and allows further proliferation despite chromosomal instability eventually leading to telomere dysfunction and anaphase arrest. [48] [49] [50] The observed telomeric dysfunction may trigger chromosomal fragmentation through bridge-breakage events and could lead to a transformed phenotype. 51 The risk of such transformation events is additive to the risk of insertional mutagenesis inherent in gene transfer strategies. 
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PDs vs. 22.7± 2.3 PDs). Chromatin bridges between nuclei were observed suggesting that cells failed to 
